Trichothecene mycotoxins and other translational inhibitors activate mitogen-activated protein kinase (MAPK) signaling pathways that are essential for cell survival and apoptosis via a novel mechanism termed the ribotoxic stress response (Iordanov et al., 1997; Shifrin and Anderson, 1999; Yang et al., 2000) . Deoxynivalenol (DON), a trichothecene produced during Fusarium graminearum infection of wheat, barley, and corn, commonly contaminates cereal-based foods and is of worldwide concern because of its potential to adversely affect human health (Pestka and Smolinski, 2005) . The capacity of DON to aberrantly modulate innate immune function by its action in monocytes and macrophages is of particular interest.
Upon binding to the ribosome in mononuclear phagocytes, DON concurrently inhibits translation and induces activation of p38, extracellular signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK) MAPKs (Moon and Pestka, 2002; Zhou et al., 2003) . Studies with pharmacological inhibitors have demonstrated that p38 is essential for DON-induced proinflammatory gene expression as well as apoptosis (Islam et al., 2006; Moon and Pestka, 2002; Moon et al., 2003) . Two kinases, double-stranded (ds) RNA-activated protein kinase (PKR) (Gray et al., 2008; Zhou et al., 2003) and hematopoietic cell kinase (Hck) (Zhou et al., 2005b) , have been reported to be upstream of p38 in the DON-induced ribotoxic stress response.
PKR is a serine/threonine protein kinase, induced by dsRNA, interferon, lipopolysaccharide, tumor necrosis factor a and protein kinase R activating protein, an intracellular activator of PKR. (Balachandran and Barber, 2007; Sadler and Williams, 2007) . PKR is present in many cell types and involved in regulation of antiviral responses, protein translation, transcription, and cellular fate. This enzyme has a functional dsRNA-binding domain (DRBD) and a catalytic domain. The DRBD interacts with dsRNA, induces autophosphorylation, and facilitates PKR association with the ribosome. The catalytic domain mediates phosphorylation of substrates including elongation initiation factor 2 (eIF2) a and regulates translation (Kim et al., 2005; Samuel, 1993) . The DRBD is believed to exert an autoinhibitory effect on the catalytic domain such that dsRNA binding leads to structural alteration of PKR and its activation (Wu and Kaufman, 1997) . The autoinhibitory region of PKR can also be structurally altered by non-dsRNA stimuli (Lemaire et al., 2006; Vattem et al., 2001) .
In mononuclear phagocytes, PKR mediates DON-induced MAPK activation as well as downstream effects such as proinflammatory gene expression or apoptosis (Zhou et al., 2003) . Induction of MAPK phosphorylation and apoptosis by DON and the translational inhibitor anisomycin are suppressed by the PKR inhibitor 2-aminopurine (2-AP) in RAW 264.7 murine macrophages. Similarly, U937 human monocytes treated with pharmacologic inhibitors of PKR or those lacking functional PKR exhibit depressed induction of p38 phosphorylation and downstream interleukin 8 (IL-8) expression by DON and by the ribosome-inactivating proteins ricin and Shiga toxin (Gray et al., 2008; Islam et al., 2006) . Lastly, PKR-deficient U937 cells exhibit suppressed p38 phosphorylation and apoptosis in response to DON or anisomycin (Zhou et al., 2003) .
Hck, a member of the Src kinase family, is a nonreceptor protein tyrosine kinase expressed primarily in myeloid cells. Hck functions in cytoskeletal rearrangement, phagocytosis, gene transcription, cell proliferation, and apoptosis (Guiet et al., 2008; Quintrell et al., 1987) . Hck contains an SH2 domain, SH2 linker, SH3 domain, and tyrosine kinase domain (Arold et al., 2001; Moarefi et al., 1997; Pellicena et al., 1998) . The SH3 domain of Hck plays an important role in proteinprotein interaction and interacts with PXXP motifs of several cellular proteins (Gouri and Swarup, 1997) . Hck activation is regulated by intracellular autoinhibitory interaction between SH2 and SH3 domains (Yadav and Miller, 2007) .
Hck also mediates ribotoxin-induced MAPK activation and related downstream effects in monocytes and macrophages (Zhou et al., 2005a) . DON-induced MAPK activation and the downstream proinflammatory cytokine expression are suppressed by the Src inhibitors 4-aminoamino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]-pyrimidine (PP1) and 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyramidine (PP2) or by Hck short inhibitory RNA in RAW 264.7 macrophages. Induction of p38, JNK, and ERK phosphorylation by the translation inhibitors anisomycin and emetine are similarly inhibited by PP1. Furthermore, Hck inhibition significantly inhibits DON-induced caspase activation and apoptosis.
Recently, we have observed that, in mononuclear phagocytes, DON induces recruitment of p38 and other MAPKs to the ribosome whereupon they are phosphorylated . Despite the apparent importance of PKR and Hck in mediating p38 activation in mononuclear phagocytes during the ribotoxic stress, intriguing questions remain regarding their relationship to p38 activation or how the ribosome might facilitate interaction among these three kinases.
The purpose of this study was to elucidate linkages that exist between the ribosome and PKR, Hck, and p38 following stimulation with DON in human and mouse mononuclear phagocytes.
MATERIALS AND METHODS
Chemicals and reagents. DON and other chemicals were purchased from Sigma-Aldrich, Inc. (St Louis, MO) unless otherwise noted. Inhibitors were obtained from Calbiochem (La Jolla, CA). Human-and mouse-specific PKR antibodies and mouse-specific Hck antibodies were supplied by Santa Cruz Biotech (Santa Cruz, CA). Human-specific Hck was purchased from BD (Franklin Lakes, NJ). Human-and mouse-specific phospho-PKR antibodies were from EMD Chemicals, Inc. (Gibbstown, NJ).
Cell culture. All cultures were maintained at 37°C in a humidified 6% CO 2 incubator. U937 human monocyte cultures (ATCC, Rockville, MD) were grown in RPMI-1640 supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin, and 100 lg/ml streptomycin (Gibco BRL, Gaithersburg, MD). U937 cultures stably transfected with a constitutively expressed anti-sense PKR expression plasmid (U9K-A1) or with an empty plasmid (U9K-C2) (Cheung et al., 2005) were kindly supplied by Dr Allan Lau (University of Hong Kong). U9K-A1 and U9K-C2 cells were maintained in supplemented RPMI-1640 containing 0.5 mg/ml geneticin (Gibco BRL).
RAW 264.7 murine macrophage cultures (TIB 77, ATCC) were cultured in Dulbecco's modified Eagle's medium (DMEM; Sigma) supplemented with 10% (vol/vol) heat-inactivated FBS, 100 U/ml penicillin, and 100 lg/ml streptomycin (Gibco BRL).
Peritoneal macrophage cultures were elicited by ip injecting wild-type (WT) control (C57Bl/6J) and PKR knockout (KO; Hsu et al., 2004; Scheuner et al., 2003) mice with 1.5 ml of thioglycollate (3%, wt/vol). PKR KO mice were kindly provided by Dr Randal Kaufman (University of Michigan, Ann Arbor). After 72 h, macrophages were obtained by peritoneal lavage with cold Hank's buffer (Invitrogen, Carlsbad, CA) and collected by centrifugation at 450 3 g for 5 min. Cells were resuspended in supplemented DMEM and cultured overnight prior to experiment initiation.
Experimental design. In typical experiments, U937 cells (1 3 10 5 /ml in 225-cm 2 cell culture flasks) (Corning, Lowell, MA), peritoneal macrophages, or RAW 264.7 cells (5 3 10 5 /ml in 100-mm cell culture dishes) (Corning) were cultured overnight and then treated with DON for various time intervals prior to analysis. DON concentrations for U937 (500-1000 ng/ml), peritoneal macrophages (500 ng/ml), and RAW 264.7 (250 ng/ml) cells were selected based on maximal MAPK phosphorylation and downstream gene expression responses observed in previous studies (Gray and Pestka 2007; Gray et al., 2008; Islam et al., 2006; Moon and Pestka, 2002; Zhou et al., 2003 Zhou et al., , 2005b .
For some experiments, cells were treated with inhibitors of PKR (5.0mM 2-AP or 2.5lM C16), Hck (0.25-25lM PP2), or p38 (2.0lM SB203580) either concurrently with or 45 min prior to DON stimulation. A nonfunctional chemical analogue of C16 was used as a negative control to confirm that changes observed with C16 were due to the inhibition of PKR rather than a nonspecific effect. Inhibitor concentrations were selected based on their use in previous studies effects (Gray et al., 2008; Zhou et al., 2003 Zhou et al., , 2005a . Cytotoxicity did not occur at these concentrations, as confirmed by the 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide viability assay.
Quantitative real-time PCR. RNaqeous kits (Ambion, Austin, TX) were used to isolate RNA from cell pellets. Briefly, cells were lysed, nucleic acids precipitated with ethanol, and RNA trapped in a glass fiber filter. The RNA was eluted and stored at À80°C. Reverse transcription real-time PCR was performed using One-Step PCR Master Mix and IL-8 (NCBI NM 000584.2) or the ß-2 microglobulin (NCBI B2M-NM 004048.2; housekeeping control) Taqman Gene Expression Assay (NCBI NM 000584.2) (NCBI B2M-NM 004048.2) or the ß-2 microglobulin (housekeeping control) Taqman Gene Expression Assay (Applied Biosystems, Foster City, CA). Reaction conditions and PCR program followed manufacturer's instructions using an ABI 7900HT (384 wells) at the Michigan State University Research Technology and Support Facility. Fold change was determined using a relative quantitation method (Pestka and Smolinski, 2005) .
Enzyme-linked immunosorbent assay. After treatment, cell cultures were centrifuged for 10 min at 300 3 g, and the supernatant fraction was collected. OptELISA kits (Pharmingen, San Diego, CA) were used for IL-8 protein measurement according to manufacturer's instructions with two modifications. First, the highest standard utilized was 1600 pg/ml, instead of 400 pg/ml. Second, to economize on reagents, 50 ll of antibody dilutions and samples were used per well instead of 100 ll. All samples were read at 450 nm in a V max Kinetic Microplate Reader (Molecular Devices, Menlo Park, CA).
Ribosome isolation. Cytoplasmic fractions were prepared by sucrose density gradient ultracentrifugation (Galban et al., 2003) . Briefly, cells were washed with ice-cold PBS twice and lysed in ice-cold polysome extraction buffer (0.3M NaCl, 15mM MgCl 2 , 15mM Tris-HCl [pH 7.6], 1% [wt/vol] Triton X-100, 0.1 mg/ml cycloheximide and 1 mg/ml heparin, 0.01% [vol/vol] , and phosphatase inhibitors A and B (Santa Cruz Biotech). Cell lysates were centrifuged at 10,000 3 g for 15 min to clear the resultant supernatant of nuclei, mitochondria, and debris. Protein was measured using a Bio-Rad DC Protein Assay Kit (Bio-Rad, Hercules, CA). Lysate (1 mg) was layered over 9-ml linear sucrose gradient solution (10-50%) in a 11.5-ml Sorvall centrifuge tube and centrifuged at 35,000 3 g for 3 h at 4°C in Sorvall TH-641 rotor. The gradient was fractionated at a rate of 0.5-1.0 ml/min by upward displacement using an ISCO system (Te ledyne ISCO, Lincoln, NE) comprised of a syringe pump, EM-1 UV monitor for continuous measurement of absorbance at 254 nm, and a fraction collector.
Western analysis. Proteins were separated on 4% (wt/vol) polyacrylamide gels and transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA). After incubating with blocking buffer (Li-Cor, Lincoln, NE), membranes were incubated with murine antibodies or rabbit antibodies to immobilized proteins of interest overnight at 4°C. After washing, blots were incubated with secondary IRDye 680 goat anti-rabbit and/or IRDye 800CW goat anti-mouse IgG antibodies (Li-Cor) for 1 h at 25°C. Infrared fluorescences from these two antibody conjugates were simultaneously measured using a Li-Cor Odyssey Infrared Imaging System, and relative phosphorylation was determined using Odyssey Analysis Software. Ribosomal fractions were identified with mouse and rabbit antibodies to ribosomal protein (RP) S6 (Cell Signaling Technology) and RPL7 (Bethyl Laboratories, Inc., Montgomery, TX), respectively, followed by IRDye 680 goat anti-species conjugates .
Plasmids, transfection, and immunoprecipitation. Plasmids containing DNAs for full-length human RPS3 in-frame with a sequence coding for enhanced green fluorescent protein (EGFP) (pEGFPc1; Clontech, Mountain View, CA) (Kim et al., 2005) or human Hck (Trible et al., 2006) (provided by Dr Thomas Smithgall, University of Pittsburgh) were reconstructed in pTRETight Expression Plasmids. HeLa cells (Clontech) were maintained in DMEM (Sigma) supplemented with 10% (vol/vol) FBS, 4mM L-glutamine, 100 lg/ml G418, 100 U/ml penicillin, and 100 lg/ml streptomycin (Gibco BRL). Cells were transiently transfected with the plasmids using Lipofectamine (Invitrogen), cultured for an additional 16 h, and then lysed in 1 ml nondenaturing lysis buffer with 1 lg/ml protease inhibitors (pepstatin, aprotinin, leupeptin) (Cell Signaling Technology). After preclearing with mouse IgG and protein-A-coupled Sepharose beads for 10 min at 25°C, cell lysates were immunoprecipitated with anti-green fluorescent protein (GFP) mAb (Abcam, Cambridge, MA) or anti-Hck and then analyzed by Western analysis with Hck and RPS3 antibodies.
Statistics. Data were analyzed with SigmaStat v 3.1 (Jandel Scientific, San Rafael, CA) using one-way ANOVA with Student-Newman-Keuls method for pairwise comparisons unless otherwise noted; p < 0.05 was considered significant.
RESULTS

DON-Induced IL-8 Expression Is Hck-Dependent in U937 Cells
As reported by Gray et al. (2008) , PKR inhibitors, 2-AP and C16, suppressed DON-induced IL-8 mRNA expression and protein expression (Supplementary fig. S1 ). To determine if Hck also played a role in DON-induced IL-8 mRNA expression, U937 cells were treated with the Src family inhibitor PP2 (2.5lM). DON-induced IL-8 mRNA was significantly inhibited by PP2 pretreatment of (Fig. 1) . DONinduced IL-8 protein expression was suppressed in U937 cells cotreated with the p38 inhibitor SB203580 (Supplementary fig.  S2 ). Pretreatment with either PKR (2-AP; Fig. 2A) or Hck (PP2) (Fig. 2B) inhibitors markedly suppressed DON-induced p38 phosphorylation of p38.
PKR inhibitor results were confirmed using U937 cells stably transfected with either an expression plasmid constitutively expressing antisense PKR (U9K-A1) or an empty expression plasmid (U9K-C2). U9K-A1 cells exhibited reduced DON-induced p38 phosphorylation as compared to the U9K-C2 control cells (Fig. 3A) . Pretreatment with PP2 (0.25-25lM) ablated DON-induced p38 phosphorylation in U9K-C2 and the residual p38 phosphorylation in U9K-A1 cells. U9K-A1 cells had significantly reduced levels of DON-induced IL-8 protein, as compared to the U9K-C2 control cells (Fig. 3B) . DONinduced IL-8 protein expression in U9K-A1 cells was decreased further upon treatment with PP2 (0.25-2.5lM).
PKR and Hck Interact with the 40S Ribosomal Subunit in U937 Cells
DON has previously been shown to induce p38 mobilization to the 40S subunit where it is then phosphorylated . While PKR is known to associate with the 40S ribosomal subunit (Zhu et al., 1997) , the capacity of Hck to interact with specific ribosomal subunits is unknown. To   FIG. 1 . Hck inhibition suppresses DON-induced IL-8 mRNA expression in U937 cells. Cells were pretreated with PP2 (2.5lM) or dimethyl sulfoxide vehicle (VEH) for 45 min before addition of 0 or 1000 ng/ml DON. IL-8 mRNA expression was measured by real-time PCR after a 6-h DON exposure. Data are mean ± SEM (n ¼ 3). Asterisk indicates significantly different than VEH (p < 0.05). Representative of three independent experiments. address this question, U937 cells were treated with DON or vehicle for 1 min lysates fractionated on a sucrose density gradient and fractions subjected to Western analysis. Those fractions containing small (40S) and large (60S) ribosomal subunits were confirmed using antibodies against RPS6 and RPL7, respectively (Fig. 4) . PKR and Hck were constitutively found in the 40S ribosomal fraction, and both were phosphorylated within 1 min after DON treatment. Comparatively, little or no PKR or Hck was detectable in the 60S ribosomal unit fractions.
Functional PKR Is Required for Hck Interaction with
the 40S Ribosomal Subunit in U937 Cells U9K-C2 control and U9K-A1 PKR antisense-containing cells were used to determine whether PKR affected Hck interaction with the ribosome. While Hck was found in lysates of both cell lines, PKR was only detectable in U9K-C2 lysates (Fig. 5A) . Following sucrose gradient fractionation, PKR and Hck comigrated with the 40S ribosomal fraction in U9K-C2 control cells (Fig. 5B ) but were nearly undetectable in the U9K-A1 40S fraction (Fig. 5C ).
Ribosomal Protein S3 Interacts with Hck in Transfected HeLa Cells
The PXXP motif is critical for interaction of proteins with Src family kinases such as Hck. Bioinformatic analysis was used to determine numbers and location of PXXP motifs contained in over 70 known RPs (Fig. S3 ). Of these, RPS3 was found to contain the largest number (i.e., five) of PXXP motifs-all of which were located in close proximity to one another, suggesting this protein to be a strong candidate for mediating Hck interaction with the 40S subunit. To ascertain whether RPS3 could directly interact with Hck, GFP-labeled RPS3 and Hck were expressed in HeLa cells, which do not express native Hck (Fig. 6 ). Direct interaction of RPS3 and 
DON-Induced p38 Interaction with the Ribosome and Phosphorylation Suppressed in Macrophages from PKR-Deficient Mice
Peritoneal macrophages from WT and PKR KO mice were treated with DON, and relative p38 phosphorylation was compared in cell lysates from the two cultures (Fig. 7A) . Macrophages from PKR KO mice exhibited less DON-induced p38 phosphorylation than did macrophages from WT mice. The p38 association with the pooled ribosomal subunits and monosome fractions was increased in peritoneal macrophages from WT mice following DON treatment, whereas p38 interaction with the pooled ribosome fraction was not present in macrophages from PKR KO mice (Fig. 7B) . Similarly, DON-induced p38 phosphorylation increased in the pooled ribosomal fraction of macrophages from WT but not in those from PKR KO mice. 
PKR Is Also Required for Hck Interaction with Ribosome and Phosphorylation in RAW 264.7 Murine Macrophages
The role of PKR in phosphorylation of ribosome-associated Hck was further confirmed in RAW 264.7 macrophages that were pretreated with either PKR or Hck inhibitor and then stimulated with DON. Following sucrose density gradient separation, the pooled ribosomal fraction was subjected to Western blotting. Phosphorylated Hck was not detectable in pooled ribosomal fractions from RAW 264.7 cells treated with 2-AP or PP2 (Fig. 8) . RPL7 detection again confirmed the presence of equal amounts of sample in each lane.
DON-Induced PKR and Hck Phosphorylations Occur with
Onset of p38-Ribososme Association in RAW 264.7 Cells Phosphorylated PKR and Hck were observed in the pooled ribosome fraction after 5 min of DON treatment in RAW 264.7 cells but disappeared within 15 min (Fig. 9) ; p38 associated with the RSþM fractions at 5, 15, and 30 min after DON exposure times. Equal protein loading in the pooled ribosome fractions was again confirmed using RPL7 antibody.
DON-Induced Phosphorylation of p38 and Its Upstream
Kinases Are Dependent on PKR and Hck in RAW 264.7 Cells Apoptosis signal-regulating kinase 1 (ASK1) and mitogenactivated protein kinase 3/6 (MKK3/6) are kinases known to be upstream of p38. DON was found to induce ASK1 and MKK3/6 phosphorylation in RAW 264.7 cells (Fig. 10A and B) . Both the PKR inhibitor 2-AP (Fig. 10A) and the Hck inhibitor, PP2 (Fig. 10B) , suppressed DON-induced ASK1 and MKK3/6 phosphorylation. ASK1 and MKK3/6 might thus serve as signaling cascade components that link PKR and/or Hck with p38.
DISCUSSION
While PKR is known to associate with the ribosome, this is the first report that Hck interacts with the 40S ribosomal subunit and that this occurs in a PKR-dependent fashion. Both of the latter proteins appear to be required for optimal DONinduced p38 activation and p38-driven expression of IL-8 and potentially other proinflammatory genes. Furthermore, upon DON treatment, PKR and Hck were rapidly and transiently PKR AND HCK MEDIATE RIBOTOXIC STRESS 449 phosphorylated while in association with the ribosome, which is consistent with previous findings in whole-cell lysates in RAW 264.7 and U937 cells (Zhou et al., 2003 (Zhou et al., , 2005b . The results support the contention that 40S subunit serves as a scaffold for Hck and PKR. A putative kinase signaling cascade associated with the ribosome scaffold following DON exposure is depicted in Figure 11 .
The observed colocalization of PKR and Hck to the 40S subunit suggests that these kinases might associate in close proximity. This possibility is supported by the observation that Hck was undetectable in the pooled ribosomal fraction of U9K-A1 cells even though cytoplasmic Hck expression was unaffected by PKR deficiency. Since the PKR inhibitor 2-AP suppressed Hck phosphorylation in the ribosome in RAW 264.7 cells, its activation might be essential for DON-induced Hck phosphorylation.
Several plausible mechanisms might exist to explain how PKR and Hck associate with the ribosome. Zhu et al. (1997) observed that human PKR is primarily localized in the 40S ribosome when the protein is overexpressed in yeast. When PKR is mutated in the DRBD region, it fails to interact with the ribosome, suggesting that PKR interacts with the ribosome via a DRBD. In contrast to PKR, the association of Hck or other Srcs with the ribosome has been heretofore unreported. The SH3 domain of Hck is known to facilitate interaction with several cellular proteins containing PXXP-binding motifs (Gouri and Swarup, 1997) . For example, Bruton's tyrosine kinase, open reading frame 3 protein of hepatitis E virus, and Nef protein of HIV interact with SH3 domains of Hck. (Cheng et al., 1994; Collette et al., 2000; Korkaya et al., 2001; Stangler et al., 2007) . Prototypical Hck-binding sites contain prolinerich regions with PXXP motifs being particularly critical (Stangler et al., 2007) . Upon characterizing potential binding sites of Hck to over 70 RPs, we found that RPS3 was a strong candidate because it contains PXXP motifs, all of which were localized in proline-rich region thus enhancing its potential to bind to the SH3 domain. The capacity of Hck to interact with this candidate protein was strongly suggested following overexpression of these proteins in HeLa cells and immunoprecipitation with specific antibodies. It is particularly notable that RPS3 interacts with eIF2. Since its subunit eIF2a is a wellknown PKR substrate which regulates translation initiation (Samuel, 1993) , it is reasonable to suggest that PKR and Hck bind to the 40S ribosomal subunit in close proximity.
We have previously demonstrated that p38 initially interacts with the 40S ribosomal subunit in DON-stimulated macrophages . As observed here, peritoneal macrophages from PKR KO mice exhibit impaired p38 association with ribosome following DON treatment, and overall p38 phosphorylation was reduced in cell lysates from these cells. PKR might thus be critical for p38 ribosomal mobilization and phosphorylation in DON-induced macrophages. These findings correlate with the observations that PKR and Hck are transiently activated in the 40S ribosomal subunit and that both concurrent and subsequent p38 association is detectable in this fraction. Overall, these data are consistent with the possibility that the 40S ribosomal subunit functions as a scaffold for signal transduction during the DON-induced ribotoxic stress response thereby facilitating activation of p38 by PKR and Hck (Fig. 11) .
A critical question arising from this work relates to the nature of the signaling cascade that links PKR/Hck and p38. PKR is known to interact with ASK1, a member of the MAPK kinase family, which can activate p38 via MKK3/6. Coimmunoprecipitation studies have demonstrated that PKR associates with ASK1 (Takizawa et al., 2002) . Dominant-negative PKRexpressing COS-1 monkey kidney fibroblast cells exhibit suppressed ASK1-induced p38 activation and apoptosis (Matsukawa et al., 2004; Takizawa et al., 2002) . In addition to ASK1, Silva et al. (2004) demonstrated that the PKR interacts with MKK6 thereby providing a plausible mechanism for regulating p38 MAPK activation in response to dsRNA stimulation. As shown here, DON-induced ASK1 and MKK3/6 phosphorylation in RAW 264.7 cells was suppressed by the PKR inhibitor, 2-AP. Analogous to the observations for PKR, inhibition of Hck suppressed ASK1 and MKK3/6 phosphorylation. Thus, PKR and Hck might participate in a signaling cascade involving ASK1 and MKK3/6 that mediates p38 activation. Further studies are needed to determine if ASK1 and MKK3/6 also interact with the ribosome and whether they are required for downstream p38 phosphorylation.
It is not yet understood how PKR activation is triggered upon binding of DON to the ribosome. Recently, we observed that both DON and another trichothecene, satratoxin G, associate in noncovalent fashion with both 40S and 60S ribosomal subunits (Bae et al., 2009) . The peptidyl transferase ring has been suggested to be a critical binding site for ribotoxins, such as trichothecenes, anisomycin, ricin, and Shiga toxin; and it has been further proposed that these agents promote damage to the peptidyl transferase ring (Foster and Tesh, 2002 and Iordanov et al., 1997) . Although DON and the trichothecene T-2 toxin do not directly depurinate or cleave 28S rRNA under cell-free conditions, these toxins induce 18S and 28S rRNA cleavage in RAW 264.7 cells , which might imply an indirect, toxin-facilitated mechanism. Indeed, 28S rRNA cleavage has been mapped using primer extension to the peptidyl transferase region. However, since PKR, Hck, and p38 localize to the 40S ribosomal subunit, a comparable analysis needs to be performed on 18S rRNA. Future investigations will focus on determining how DON binding to the 40S ribosomal subunit induces PKR and Hck activation via the ribosomal interaction.
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